Phenomenology of possible neutrino millicharge in terrestrial and astrophysical settings is discussed. Two new limits on the millicharge from terrestrial experiments and astrophysics are reported.
Introduction
Neutrino electromagnetic properties are among the most intriguing and exciting problems in modern particle physics. Within the Standard Model in the limit of massless neutrinos the particle electromagnetic properties vanish. However, in different extensions of the Standard Model a massive neutrino has nontrivial electromagnetic properties (for a review of the neutrino electromagnetic properties see 1, 2 ) . That is why it is often claimed that neutrino electromagnetic properties open "a window to the new physics" 3 .
A neutrino magnetic moment, as expected in the easiest generalization of the Standard Model, is very small and proportional to the neutrino mass m, µ ν ≈ 3 × 10 −19 µ B (m/1 eV) 4 where µ B = e 0 /(2m e ) and e 0 and m e are the absolute value of the electron charge and the electron mass. Much greater values are predicted in other various Standard Model generalizations (for details see 1, 2 ) . It is also usually believed that a neutrino has no electric charge. This can be attributed to gauge invariance and anomaly cancelation constraints imposed in the Standard Model. However, if a neutrino has a mass, the statement that the neutrino electric charge is zero is not so evident as it may seem to be. In theoretical models with the absence of hypercharge quantization the electric charge gets "dequantized" 5,6 as well and as a result neutrinos may become electrically millicharged particles. Note that only a Dirac neutrino may have the electric charge.
In the terrestrial experiments the most severe experimental constraints on the magnetic moment µ ν ≤ 2.9 × 10 −11 µ B 9 was obtained from the measurements of the reactor antineutrino scattering on electrons performed by the GEMMA collaboration. The upper bound on the absolute value of the neutrino electric charge q 0 ≤ 10 −21 e 0 7,8 was derived from the neutrality of matter and neutron itself under the assumption of the electric charge conservation. The best astrophysical constraint on the magnetic moment, µ ν ≤ 3.2 × 10 −11 µ B 10 , was obtained from the consideration of the red gaint stars cooling . In astrophysics the best model-independent limit on the neutrino electric charge was derived from the absence of an anomalous dispersion of the SN 1987A neutrino signal which leds to q 0 ≤ 3 × 10 −17 e 0 10,11 . Now we consider the direct constraints on the neutrino millicharge obtained using data on the neutrino electromagnetic cross section in the GEMMA experiment. The prescription to obtain the bound on the neutrino millicharge from the experimental data on theν − e cross section is as follows 12 . One first compares the magnetic moment cross section . From the fact that the experimental data on the cross section, for the presently achieved electron recoil energy threshold T , shows no deviation from the predictions of the Standard Model a limit on the neutrino magnetic moment is obtained. Then one should compare the magnetic moment contribution to the cross section, dσ dT µ a ν , and the contribution due to the neutrino millicharge, dσ dT qν , and account that the later is also not visible at the present experiment. In order not to contradict to the experimental data the cross section dσ dT qν should not accede the cross section dσ dT µ a ν anyway. Thus, the obtained upper limit on the neutrino millicharge depends on the achieved upper limit on the neutrino (anomalous) magnetic moment and the electron recoil energy threshold of theν − e experiment.
Consider the latest results 9 of the GEMMA collaboration on the neutrino magnetic moment. Within the presently reached electron recoil energy threshold of T ∼ 2.8 keV the neutrino magnetic moment is bounded from above by the value µ a ν < 2.9 × 10 −11 µ B . In order to get from these data the limit on the neutrino millicharge we compare the mentioned above two cross sections, . The expression for the neutrino magnetic moment cross section can be found in 13 , for our present needs only the term proportional to
here α is the fine structure constant. For the corresponding neutrino millicharge-to-charge cross section we obtain (see also 14 )
For the ratio R of the mentioned above cross sections (2) and (1) we have
In case there are no observable deviations from the weak contribution to the neutrino scattering cross section it is possible to get the upper bound for the neutrino millicharge demanding that possible effect due to q ν does not exceed one due to the neutrino (anomalous) magnetic moment. This implies that R < 1 and from (3) we get
Thus, from the present GEMMA experiment data and the upper limit on the neutrino millicharge is set on the level q 0 < 1.5 × 10 −12 e 0 .
It is interesting to estimate the range of the neutrino millicharge that can be probed in a few years with the GEMMA-II experiment that is now in preparation and is expected to get data in 2015. It is planed (for details see in 9 ) that the effective threshold will be reduced to T = 1.5 keV and the sensitivity to the neutrino anomalous magnetic moment will be at the level 1 × 10 −11 µ B .
Then in case no indications for effects of new physics were observed from (4) we predict that the upper limit on the neutrino millicharge will be q 0 < 3.7 × 10 −13 e 0 .
Now it is also discussed the perspectives of the GEMMA-III experiment aimed to reach the threshold T = 400 eV and the sensitivity to µ ν at the level 9 × 10 −12 µ B approximately to the year 2017. Then if again there were no deviations from the Standard Model cross section observed the upper limit to the neutrino millicharge will be q 0 < 2 × 10 −13 e 0 .
The bound on the neutrino millicharge (7) will be reached irrespectively of whether any deviation from the Standard Model in the cross sectionν−e were observed or not in the future experiments.
Millicharged neutrinos in astrophysics
There are a lot of potential sources of strong neutrino beams in astrophysics (core collapses of Supernovae, pulsars, gamma-ray bursts, active galactic nuclei, micro-quasars, etc.). A peculiar feature of the sources is a presence of high density matter and strong magnetic fields which effect on the neutrino propagation due to weak and electromagnetic interactions. Such conditions are most suitable for possible manifestations of the nontrivial electromagnetic properties of a neutrino. Here we consider the millicharged neutrino moving in matter and in the presence of a constant magnetic field within the so called "method of exact solutions" that implies the use of exact solutions of the modified Dirac equations 15,16 for the neutrino wave function. In the considered bellow case the modified Dirac equation has the following form (see also 17 18 19 ) ,
where P µ = p µ + q 0 A µ is a neutrino kinetic momentum and f µ the neutrino potential in the background neutron matter. We also account for the possible effect of matter rotation and consider a particular case the vectors of matter rotation frequency ω and of the magnetic field B are aligned along the third coordinate axis e z thus f µ = −Gn n (1, −yω, xω, 0) and
, G F is the Fermi constant, ω is the matter rotation frequency). The solution of Eq. (8) yields discrete energy spectrum of a millicharged neutrino in the dense magnetized matter
where N = 0, 1, 2.. is the number of a modified Landau level. Within a quasi-classical interpretation the neutrino energy states (9) originate due to the action of an effective force 16 that is produced by both weak and electromagnetic interactions of a millicharged neutrino with the dense magnetized rotating matter and has the form
where β is a neutrino velocity. The effective force (10) exemplifies the interconnection of these two types of fundamental interactions and is not vanished even in the case of a zero neutrino electric charge. This force seems to be very small for any reasonable choice of the background parameters but it can play an important role for neutrinos in certain astrophysical settings 20 .
In particular, during a supernova core collapse escaping neutrinos can be deflected on an angle
where R S is the radius of the star, R is the radius of the neutrino trajectory and θ is an azimuthal angle of neutrino propagation. We predict that initially coincided light and neutrino beams will be spatial separated after passing through a dense rotating magnetized matter. In this connection in terrestrial experiments joint observations of initially coincided light and neutrino signals from an astrophysical transient source should not occur due to their spatial separation ∆L ≃ ∆φL (L is distance to the source). This new effect can explain the recent experimental results of the ANTARES experiment 21 .
On the other hand the feedback of the effective force (10) from the escaping neutrinos to the star matter should effect the star evolution. In particular, the torque produced by the escaping neutrinos shifts the star angular frequency
where △ω = ω − ω 0 (ω 0 is an initial star rotation frequency), M S is the star mass and N ν is the number of the escaping neutrinos. We have termed the phenomenon as "Neutrino Star Turning" (νST ) mechanism. Note that depending on the neutrino millicharge sign the star rotation due to the νST mechanism can either spin up (△ω > 0 for q ν > 0) or spin down (△ω < 0 for q ν < 0). The value of the relative rotation frequency shift (12) recalls sporadical sudden increase of a pulsar rotation frequency (a pulsar glitch 22 ). The obtained results are very important for astrophysics in light of the recent observed "anti-glitch" event 23 that is sudden decrease of a pulsar rotation frequency. The νST mechanism can be used to explain both glitches and "anti-glitches" as well.
It is of particular interest to estimate the impact of the νST mechanism on a pulsar rotation rate during its formation in a supernova explosion when a great number of neutrinos N ν ∼ 10 58 is produced 24 . In case of a zero neutrino millicharge the νST mechanism is produced only due to weak interactions and yields
where ρ n is the number density of the neutron matter and we have considered the pulsar with mass M S = 1.4M ⊙ (M ⊙ is the Solar mass). In case of a nonzero neutrino millicharge electromagnetic interactions provide the dominant contribution to the νST mechanism (q 0 B ≫ 2Gn n ω) and one can neglect weak interactions of neutrinos with the background matter. From Eq. (12) we get |△ω| ω 0 = 7.6 × 10 18 q 0 e 0 P 0 10 s
where P 0 is a pulsar initial spin period. The current pulsar timing observations 25 show that the present-day rotation periods are up to 10 s. The rotation during the life of a pulsar spins down due to several various mechanisms and dominantly due to a magnetic dipole braking. However, all of the estimations of feasible initial pulsars spin periods give the values that are very close to the present observed periods. Thus, the estimation (14) is given for P 0 = 10 s. The possible existence of a nonzero negative neutrino millicharge should not significantly change the rotation of a born pulsar. From the straightforward demand |△ω| < ω 0 and Eq. (14) we obtain the upper limit on the neutrino millicharge
That is, in fact, one of the most severe astrophysical limits on the neutrino millicharge 10 .
We consider the effects originated by millicharged neutrinos in terrestrial and astrophysical observations and derive two new limits on the neutrino electric millicharge. The first limit q 0 < 1.5 × 10 −12 e 0 is obtained from the consideration of the recently reported GEMMA collaboration results on the neutrino electromagnetic cross section. We also predict that in a few years this limit will be improved to the level q 0 < 2 × 10 −13 e 0 after the expected progress of the GEMMA collaboration measurements of the antineutrino scattering on electrons were achieved. The second one is based on the theoretical investigation of the millicharged neutrinos in dense magnetized matter (these background conditions are peculiar for astrophysics). In particular, we considered supernova neutrinos propagating inside the star and predicted two new phenomena: a new effect of the neutrino deviation by the rotating matter and a new mechanism of the star rotation frequency shift (the νST mechanism). The νST mechanism has significant phenomenological consequences for supernova neutrinos and the star evolution itself and yields a new astrophysical limit on the neutrino millicharge q 0 < 1.3 × 10 −19 e 0 .
